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ABSTRACT

This research demonstrates that biogenic pyrite formed by stimulation of indigenous
sulfate-reducing bacteria (SRB) in a natural aquifer can remove dissolved arsenic from conta-
minated groundwater under strongly reducing conditions. SRB metabolism led to the pre-
cipitation of biogenic pyrite nanoparticles capable of sorbing and co-precipitating arsenic.
The field site is an industrial site where shallow groundwater in an unconfined sandy aquifer
is contaminated by arsenic. Therefore, biodegradable organic carbon, ferrous iron, sulfate,
and fertilizer were injected into groundwater and SRB metabolism began about 1 week
later. Microscopic, X-ray diffraction, X-ray fluorescence, and electron microprobe analyses
confirm the bio-mineralization of pyrite and over time, pyrite nanoparticles grew to form
well-formed crystals (1-10 um in diameter) or spherical aggregates that contain 0.05-0.4 wt.
% arsenic, indicative of their capacity to sequester arsenic. Consequently, dissolved arsenic
decreased from its initial concentration of 0.3-0.5mg/L to below the regulatory clean-up
standard for the site of 0.05mg/L in three downgradient wells in a matter of weeks after
injection. The main sequestration stage, with total arsenic removal rates greater than 90%,
lasted for at least 6 months until the arrival and mixing of untreated groundwater from
upgradient. Treated groundwater with most active bacterial sulfate reduction became
enriched in heavy 3*S (range from 2.02 to 4.00 %o) compared to unaffected well water
(0.40-0.61 %0). One to three orders of magnitude increases in SRB cells were observed in
treated wells for at least 2 months after injection. For a full-scale remediation, the injection
of solution should start at positions hydrologically upgradient from the major plume and
proceed downgradient. If needed, aquifers may be repeatedly amended with biodegradable
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organic carbon to reestablish the reducing conditions that favor arsenic sequestration.

Introduction

The toxic metalloid arsenic (As) is a common
minor constituent in pyrite (FeS,) formed in low-
temperature environments including anoxic mar-
ine and estuarine sediments (Huerta-Diaz and
Morse 1992; Natter et al. 2012; Lee et al. 2013;
Neumann et al. 2013), lake sediments (Wilkin and
Ford 2006; Couture, Gobeil, and Tessier 2010) and
groundwater systems (Saunders, Pritchett, and
Cook 1997; Lowers et al. 2007; Saunders et al.
2008; Lee et al. 2005; Saunders et al. 2016) and
even Gulf Coast salt dome cap rocks, where
biogenic pyrite contains up to 3.5wt. % arsenic
(Saunders et al. 1996). Furthermore, arsenic is also

a common constituent in higher temperature
pyrite occurrences including hypothermal systems
and igneous and metamorphic rocks (Abraitis,
Pattrick, and Vaughan 2004; Deditius et al. 2014;
Blanchard et al. 2007; Deditius et al. 2008;
Saunders et al. 2014; Mango and Ryan 2015;
Zouboulis, Kydros, and Matis 1993). Research has
shown that pyrite can be effective in sorbing and
removing arsenic from water, and has been pro-
posed as a possible water-treatment technique
(Zouboulis, Kydros, and Matis 1993; Jingtai and
Fyfe 2000; Bulut et al. 2014). Furthermore, a
proof-of-concept experiment was successfully
completed in a small field-scale bioremediation of
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heavy metals including Pb, Cd, Cr, and Zn (Lee and
Saunders 2003; Saunders et al. 2005). This paper
presents results of a field-scale demonstration
designed to test the hypothesis that stimulating natural
SRB to make biogenic pyrite could be a viable remedi-
ation strategy for removing arsenic in groundwater.
The geochemistry and mineralogy of arsenic
are generally well established (Lowers et al. 2007;
Smedley and Kinniburgh 2002; Nordstrom 2002;
Nordstrom and Archer; O’Day et al. 2004), with
the possible exception of what are the stable
arsenic-bearing solid phases expected in low-tem-
perature environments. Dissolved arsenic occurs
in two oxidation states in most natural waters.
Under oxidizing conditions, pentavalent arsenate
[As(V)] species (H,AsO, , HAsO,*", and
AsO,’") are dominant. Under moderately reduc-
ing conditions, trivalent arsenite [As(III)] species
H3AsO; predominates over a wide range of pH
values (Figure 1). Under even more reducing con-
ditions, solid arsenic sulfides or thioarsenite aque-
ous complexes may become the dominant phases
in sulfur-rich environments (Lee et al. 2005;
Saunders et al. 2008) (Figure 1). Orpiment
(As,S3), realgar (AsS), and arsenopyrite (FeAsS)
are the most commonly occurring arsenic miner-
als under reducing hydrothermal conditions in
nature, although metal-arsenide minerals do occur
rarely. Under highly reducing conditions, As-
bearing pyrite appears to control arsenic solubility
in reducing environments containing reactive iron
and sulfur (Saunders et al. 2008) (see the section
“Results and Discussion”). The geochemistry of
arsenic has received new interest and research
due to the worldwide problem of arsenic contam-
ination (natural and anthropogenic) of potable
drinking water supplies (Smedley and Kinniburgh
2002; Nordstrom and Archer 2003; O’Day 2006;
Nordstrom et al. 2014; McArthur et al. 2004).
Observations about the relationship between dis-
solved arsenic and sulfate in groundwater at mul-
tiple scales, including local (site-scale) (Keimowitz
et al. 2005), USA state-scale (Kirk et al. 2004), and
country-scale (McArthur et al. 2004; Ahmed et al.
2004) generally showed an inverse relationship
between As and SO,. This has been interpreted to
indicate that biogenic sulfate reduction can remove
dissolved arsenic where sulfate is abundant (Rittle,

Eh (volts)

Figure 1. Eh—pH diagram calculated for As-S system at 25°C
and fixed arsenic and sulfate activities of 107¢ and 107>, respect-
ively. The results show the stability field of different arsenic spe-
cies under different geochemical conditions. Thermodynamic data
of various species are shown in Table S1 in Supplementary
Material. Plot was constructed using Geochemist’s Workbench.

Drever, and Colberg 1995; Keimowitz et al. 2007;
Kirk et al. 2010; Onstott et al. 2011; Omoregie
et al. 2013; Burton, Johnston, and Kocar 2014; Sun
et al. 2016), and some of those researchers pro-
posed that SRB might prove useful in remediating
As-contaminated groundwater (Keimowitz et al.
2005; Kirk et al. 2004). Microcosm experiments
using sediment from a natural aquifer suggested
that SRB activities would not remove arsenic to
concentrations lower than the World Health
Organization drinking water standard of 0.01 mg/L
(Omoregie et al. 2013). The interaction of dissolved
arsenic with any of the Fe-sulfide phases is compli-
cated by the fact that H,S forms stable aqueous
complexes with dissolved arsenic (Bostick, Fendorf,
and Brown 2005; Couture et al. 2013), which
could enhance As solubility under reducing condi-
tions in the absence of appreciable dissolved iron
(Keimowitz et al. 2007). This aqueous complex-
ation process was proposed to explain a concurrent
increase in both dissolved As and H,S in an aqui-
fer with low dissolved iron (Wilkin, Wallschlager,
and Ford 2003). Adding to the As-Fe-S system
natural complexity are reports in the literature of
the low-temperature occurrence of As-sulfides such
as a realgar, orpiment, and arsenopyrite (O’Day
et al. 2004; O’Day 2006; Langner, Mikutta, and
Kretzschmar 2012; Langner et al. 2013; DeSisto,
Jamieson, and Parsons 2016). More work is needed
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to confirm that amorphous or crystalline As-
sulfides can occur in low-pH, As-rich environ-
ments such as some industrial sites, acid mine
drainage situations, or in oxidized mine tailings. In
contrast, the abundant documented occurrences of
arsenian pyrite (arsenic-substituted pyrite) in low-
temperature, natural environments (Stuckey et al.
2015) indicate that iron-sulfide solids control
arsenic solubility under reducing conditions, at least
under circum-neutral pH conditions. Saunders
et al. 2008, have estimated thermodynamic data for
arsenian pyrite and modeling shows that phase
indeed is the thermodynamically favored phase.

In this study, sequestration is defined as the
adsorption and co-precipitation of dissolved arsenic
(thus their removal from groundwater) on sulfide
solids formed by biogenic sulfate reduction. Several
laboratory studies have evaluated the mechanisms
of arsenic removal from solution via the formation
of Fe-sulfide solids such as makinawite, troillite,
pyrite, and arsenian pyrite (Farquhar et al. 2002;
Bostick and Fendorf 2003; Wolthers et al. 2005;
Gallegos, Hyun, and Hayes 2007; Gallegos, Hyun,
and Hayes 2008; Kim and Batchelor 2009; Jeong,
Han, and Hayes 2010; Han et al. 2011; Han et al.
2013; Le Pape et al. 2017). However, debate
remains about the removal efficiency as a function
of pH, solution chemistry (arsenic concentration,
dissolved Fe and sulfide concentration), and types
of Fe-sulfide solids (Bostick and Fendorf 2003;
Gallegos, Hyun, and Hayes 2007; Gallegos, Hyun,
and Hayes 2008; Han et al. 2011; Han et al. 2013;
Le Pape et al. 2017; O’Day et al. 2004; Pi et al.
2017). Although some studies showed that high dis-
solved arsenic concentrations may inhibit iron sul-
fide transformation and pyrite nucleation
(Wolthers, Butler, and Rickard 2007), recent X-ray
absorption spectroscopy and fine structure (EXAFS)
analysis (Le Pape et al. 2017), clearly demonstrated
that arsenian pyrite can crystallize from a solution
of dissolved Fe, H,S, and As at room temperature.
Despite strong laboratory evidence for arsenic
incorporation into various Fe-sulfide solids, how
such sequestration processes operate in natural
aquifers and their effectiveness as a viable remedi-
ation method remain unclear. One field study (Pi
et al. 2017) showed that the formation of iron sul-
fide by FeSO, amendment could remove as much
as 73% of arsenic in a natural aquifer in less than 1
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month. There has been very little research reported
on the long-term stability of newly formed iron
sulfide phases under changing redox conditions.
Onstott et al. (2011) found that oxidation of
As-bearing pyrite did not cause arsenic to be
released back to the aqueous solutions.

In this study field investigations were conducted
to evaluate if SRB could indeed prove useful in
remediating arsenic-contaminated groundwater.
The necessary permission and permits were
obtained to try a field-scale demonstration project
at an industrial site in Florida, where our indus-
trial partner requests the company and site name
remain anonymous. A herbicide containing arsenic
trioxide was used at the site decades earlier, and it
eventually contaminated the shallow groundwater.
Previously, both a pump-and-treat process and
contaminated soil removal were used at the site to
diminish and stabilize the arsenic plume in the
groundwater. However, site groundwater arsenic
concentrations were still elevated (0.3 to >1mg/L)
after the earlier costly remediation approaches.
Previous mineralogical and geochemical analyses
confirmed very limited precipitation of arsenian
pyrite at the site (Starnes 2015). However the con-
taminated aquifer is under sulfate-limited condi-
tions and thus the natural precipitation of pyrite is
not sufficient to remove dissolved arsenic that
reaches hundreds of ppb. Thus the aquifer was
amended with labile organic carbon and iron sul-
fate to stimulate metabolism of indigenous SRB.
The main objectives of this study were to 1)
amend the aquifer with labile organic carbon and
iron sulfate to stimulate metabolism of indigenous
SRB for bio-mineralization, 2) recover and
characterize groundwater and As-sorbed Fe-S
solids during different stages of pre- and post-SRB
metabolism, 3) conduct long-term monitoring of
treated wells to evaluate if there is a finite time
interval during which the SRB process is effective
and Fe-S biominerals remain stable for arsenic
sequestration, and 4) monitor and fingerprint
changes in SRB activity in treated groundwater.

Materials and methods
Field procedures

Field injection experiments were conducted at an
industrial site in northwest Florida (Figure 2)
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Figure 2. The upper panel shows the pre-injection water table
elevations and locations of injection wells (I-1, I-2), new moni-
toring wells (M-1, M-2), and existing monitoring wells at the
site. Arrow shows the general direction of groundwater flow
near the injection wells. The lower panel shows interpolated
surface showing the distribution of arsenic level (in mg/L) in
the aquifer prior to injection.

where shallow groundwater in a surficial aquifer
was contaminated by arsenic-bearing herbicide
applied at the surface. A number of existing
monitoring wells were present at the site (Figure
2), and four new wells were installed for this
study in the area of high dissolved arsenic con-
centration (0.19-0.43 mg/L, Figure 2) using a hol-
low-stem Auger (HAS)/mud rotary drill rig. New
wells include two 10-cm (well casing diameter)
injection wells and two 5-cm monitoring wells.
Simple volume balance calculations show that the
total injection volume of 3000 gallons (11.35m’)
will displace all pore water residing in the aquifer
(with saturation thickness of 6 m and porosity of
0.35) within 1.5m from injection points. Thus
the monitoring wells (M-1 and M-2) were
installed approximately 1.5m downgradient from
the injection wells (I-1, I-2; Figure 2) to monitor
the effects of biomineralization on arsenic seques-
tration. The injection wells screened
over the entire thickness of the surficial aquifer
above the underlying Jackson Bluff Formation, a

were

regional  confining bed (see  Supporting
Information). During February 15-19, 2016, 2000
gallons of “weak” solution and 1000 gallon of
“strong” solution were injected into I-1 and I-2
by gravity feed, using our patented technology
(see Supporting Information). Weak solution
contains 27.2kg of molasses, 2.5kg of ferrous
sulfate (FeSO4-7H,0), and 0.9kg of agricultural-
grade fertilizer in 1,000 gallons of water. The
amount of ferrous sulfate in the strong solution
was two times (5kg) the amount in the weak
solution. The fertilizer contains chloride, which
was used as a conservative tracer to track the
movement of injectate (with initial chloride con-
centration of about 200mg/L) in the aquifer.
Groundwater from 10 wells (Figure 2), including
two injection wells and two new monitoring
wells, were sampled prior to injection to obtain
baseline information. After injection, the same
ten wells were sampled weekly for the first
month, and then monthly thereafter. YSI 556
hand-held multi-parameter probes, connected to
an online flow cell, were used in the field to
measure water quality parameters including
temperature, pH, dissolved oxygen, oxidation-
reduction potential (ORP), and electrical
conductivity. In YSI 556, the pH and the ORP
electrodes are built together as a single probe and
the ORP is read relative to the standard SHE,
therefore, there is no need for converting the
ORP readings to Eh values. Prior to sampling,
the wells were purged using a peristaltic pump
until all the water quality parameters readings
became stabilized. Water samples were filtered
using Geotech high-capacity, on-line 0.45pm fil-
ter capsules and then acidified with trace grade
HNO; (to 3% or 30g/L nitric acid) for preserva-
tion following U.S. EPA standard procedures
(Yeskis and Zavala 2015). All water samples were
collected in acid-cleaned, high density polyethyl-
ene bottles with zero headspace. They were stored
in ice-packed coolers (with temperature around
5°C) immediately after collection. Solid samples
precipitated from groundwater were collected
using a peristaltic pump from the bottom of the
wells where they accumulated by gravity settling.
Solid samples were collected from the same ten
wells weekly for the first month, and then
bimonthly thereafter. Sediment slurry samples



were collected wusing platinum-cure silicone
tubings, then quickly frozen (by dry ice) in a vial
with minimum headspaces to preserve the redox
state. The same procedure was used for the
microbiology samples. The survival and magni-
tude of individual variability of anaerobic bacteria
would not be significantly affected by freezing
(Guerin-Danan et al., 1999). Colorimetric techni-
ques were used in the field to measure redox-
sensitive elements including dissolved sulfide and
ferrous iron. Dissolved sulfide concentration was
measured in the field immediately after collection
using the Methylene Blue Method in a HACH
DR2700 spectrophotometer (USEPA Method
8131). A HACH DR820 colorimeter was used to
measure the ferrous iron concentration via 1.10
phenanthroline Method (USEPA Method 8146).

Geochemical analysis of groundwater and
biogenic minerals

Major cation and trace element (arsenic and iron)
concentrations of groundwater were measured
using an Agilent 7900 quadrupole inductively
coupled plasma mass spectrometry (ICP-MS) at
Auburn University. Anion concentrations were
measured using a Dionex 2000 ion chromatograph
(IC). The crystalline structure, chemistry, geo-
morphology, and arsenic contents of the precipi-
tated solids were investigated by several techniques:
(1) X-ray diffraction (XRD); (2) X-ray fluorescence
(XRF); (3) Optical microscopy using reflected light;
(4) Scanning electron microscope (SEM); and (5)
Electron microprobe. Frozen solid samples were
thawed in an oven at 40°C and then dried and
stored in a vacuum bottle before analysis. Dried
samples, consisting mostly of well-crystalline sulfide
solids (see the section “Laboratory Analysis of
Biogenic Solid”), appear to remain stable in the
vacuum bottle. Dried powders were then analyzed
by a Bruker D2 Phaser X-ray Diffractometer. The
mineral composition of the samples were deter-
mined by a peak search and match procedure
using DIFFRAC.EVA software. Bulk samples of the
powders were also analyzed by a portable Bruker
Elemental Tracer IV-ED XRF for semi-quantitative
measurements. After XRF analyses, sample
powders were imbedded in epoxy, ground, and
polished with diamond paste and investigated in
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reflected light using a Nikon Labophot research
polarizing microscope. Powder samples were then
mounted and sputter-coated for investigation in
three-dimensions using a Zeiss EVO 50VP SEM at
Auburn University. Arsenic contents in polished
pyrite solids were quantified more precisely using
a JEOL 8600 electron microprobe at Auburn
University. Quantitative analyses were performed
with wavelength dispersive spectrometers (WDS)
automated with the Probe for EPMA software
(Advanced Microbeam), and standards for Fe, S,
and As. Finally, the sulfur isotope signatures of dis-
solved sulfate were measured to fingerprint the
progress of bacterial sulfate reduction in treated
groundwater. Dissolved SO, was precipitated out
of water samples as BaSO, by addition of excess
BaCl,. SRB have a well-known kinetic isotope
effect on dissolved sulfate (Thode, Kleerekoper,
and McElcheran 1951). The aqueous 6°*S values
were measured at the Colorado Plateau Stable
Isotope Laboratory at Northern Arizona University
using standard combustion techniques and ana-
lyzed by a Thermo Electron gas isotope-ratio mass
spectrometer.

Microbiology analysis

The total DNA of each aqueous slurry sample
collected from the wells was extracted by using
Powersoil® DNA isolation kit (MO BIO,
Carlsbad, CA, USA) following the manufacturer’s
instruction. The concentrations of the total sul-
fate-reducing bacteria (SRB) were determined
through real-time PCR targeting the apsA gene
(Ben-Dov, Brenner, and Kushmaro 2007). DNA
samples extracted from known concentrations of
an ATCC reference strain, Desulfovibrio vulgaris
subsp. vulgaris (ATCC 29579), were used to
establish the standard curve for calculation. Real-
time PCR was carried out using PerfeCTa SYBR®
Green SuperMix (Quanta, Gaithersburg, MD,
USA) and on ABI 7500 (Applied Biosystems,
Foster city, CA, USA).

Arsenic speciation analysis

For arsenic speciation analysis, water sample was
first filtered with a 0.45-pum filter then filtered
through a disposable arsenic speciation cartridge
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(Meng and Wang 1998). For separation of the
arsenic species, the cartridge was attached to a
50-mL syringe (with luer slip tip) filled with the
water sample. When water is filtered through the
arsenic speciation cartridge, the first 5mL of the
filtrate was discarded before collecting the sam-
ples. As speciation cartridges contain an highly
selective aluminosilicate adsorbent that adsorbs
the negatively charged arsenic species (or As(V),
such as H;AsO, ) and allows the uncharged
arsenic species (As(III), H3AsOj3) to pass through.
As(IIT) is then measured in the effluent filtered
through the cartridges and As(V) is calculated as
the difference between total As and As(III).
Thioarsenite aqueous complexes are not analyzed
due to the lack of certified standards.

Geochemical modeling: Speciation and saturation
index calculations, reaction path models

Geochemist’s Workbench (Bethke 2008) was used
to calculate 1) the speciation of arsenic under
various Eh-pH conditions, 2) time change of sat-
uration index of arsenian pyrite at field site, and
3) mineralogic reactions, arsenic concentrations,
and groundwater chemistry changes in response
to field biostimulation of FeSO, amendments.
Thermodynamic data for thioarsenite species,
amorphous As and Fe sulfide phases, and arsen-
ian pyrite (Saunders et al., 2008) were compiled
into a revised GWB database for the speciation
calculations.

Patented technology

Authors were granted two US patents (Saunders
1996; Lee, Saunders and Nichols 2008) designed to
remove and sequester arsenic and trace metals in
contaminated groundwaters. The in situ method
utilizes a treatment solution comprising a bio-
degradable source of organic carbon, ferrous iron,
and sulfate. Additionally, the treatment solution
may comprise SRB as well as nutrients to enhance
bacterial metabolism. The treatment is designed to
stimulate the growth of naturally occurring SRB
such that arsenic and trace metals are adsorbed
and co-precipitated in iron sulfide solids and
the hydrocarbons are reduced to innocuous
byproducts. SRB activities generate a subsurface

bio-mineralization zone surrounding the well to
sequester mobile contaminants when water is
subsequently drawn through the well.

Geologic background of study area

Shallow groundwater and sediments at the indus-
trial site contains elevated levels of arsenic derived
from herbicide applied at the surface. From 1989
to 1993, contamination assessments verified that
contamination level in groundwater was well
above EPA limit of 0.05mg/L and had spread oft-
site (Starnes, 2015). Initial remediation began in
1992 with the excavation of approximately 590
cubic meters of contaminated soil. This directly
led to a 40% decrease in the arsenic concentration.
This excavation was followed by the installation of
a pump-and-treat system to further the remedi-
ation effort. Though the pump-and-treat system
was successful in remediating the off-site plume, it
reached a point of diminishing returns on-site
prior to achieving site remediation standards, so
was discontinued in 1999.

The industrial site is located within the Gulf
Coastal Plain of the Florida panhandle, where thick
sequences of marine sediments are deposited
underneath the area within the Apalachicola
Embayment. The Florida panhandle falls within the
East Gulf Coastal Plain section of the Coastal Plain
physiographic province. The oldest rocks found in
outcrops exposed in the area are Early Miocene
limestone units. The youngest rocks found in the
county are Pleistocene to Holocene undifferentiated
quartz sands, clayey sands, and gravels. These sands
overlie the limestone units which can extend to
depths of 900 m, and below the limestone units,
sandstones and shales extend to granitic basement
rock (Schmidt and Clark 1980).

There are four major hydrogeologic units that
are generally recognized in the state of Florida: the
surficial aquifer system, the intermediate confining
unit, the Floridan aquifer system, and the sub-
Floridan confining unit. The surficial aquifer sys-
tem is made up of undifferentiated terrace-marine
and fluvial deposits in the northern Florida pan-
handle and normally consists of clayey sands and
gravels near the coast. Specifically in the study
area, the surficial aquifer is mainly composed of
quartz sand and gravel with occasional clayey sand



and sandy clay lenses and extends from the sur-
face to a depth of approximately 6-7.6 m. In the
surficial aquifer, the water table typically occurs at
approximately 1.5 m below the surface. Due to the
shallow groundwater table and flat topography,
modeling results show that groundwater flow dir-
ection can change with precipitation events
(Starnes 2015). Historically at the site, ground-
water flow direction has been to the northwest
and west from the site and it migrates at an aver-
age rate of about 20 m per year. Organic material
that manifests as dark brown zones is present in
the surficial aquifer (Schmidt and Clarke 1980).
There is a 0.9-1.5 m thick, laterally continuous
layer of organic material in the quartz sand at a
depth of about 1.5-3 m. This layer has been
observed to thicken to the north (Schmidt and
Clarke 1980). Groundwater from the surficial
aquifer discharges into local streams or springs, or
it may migrate into the deeper Floridan aquifer
system where the two aquifer systems are hydraul-
ically interconnected.

Underlying the surficial aquifer is the Jackson
Bluff Formation, which is an important intermedi-
ate confining unit that separates the surficial aqui-
fer from the intermediate aquifer. This unit acts as
a barrier, restricting flow from the Surficial
Aquifer downward to the other hydrostratigraphic
units (Schmidt and Clark 1980). Consequently,
this restricts the advective transport of arsenic
downward to the other hydrologic facies and helps
confine the contamination to the Surficial Aquifer
(Schmidt and Clark, 1980). The Jackson Bluff
Formation is characterized as sandy clay to clayey
sand possessing large portions of mollusk shells
and occurs from approximate depths of 6-9.15 m,
and ranges from thicknesses of 1.5-2 m (Schmidt
and Clark 1980). Because of its irregular depos-
ition and erosion, the Jackson Bluff Formation
occurs intermittently in the study area, but is pre-
sent on site.

Results and discussion
Field parameters

Field parameters and water chemistry changes sig-
nificantly in injection wells and near-by monitoring
wells at the site (Tables S1-S11 in Supplementary
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Material). ORP values before the injection showed
mildly reducing conditions (44.4+63.6mV). One
week after the injection, the ORP values (Table S1
in Supplementary Material) dropped significantly
(below -120mV) in injection wells and affected
monitoring wells M-1 and M-2. These low ORP
values indicate that sulfate-reducing conditions
were quickly established in the aquifer 1 week after
injection, which is confirmed by quantitative micro-
biology analysis that show significantly higher
amount of SRB after injection (see the section
“Microbial Changes”). Also from a microbiology
stand point, perhaps SRB began to out compete
Fe-reducing bacteria by dropping the ORP/Eh
(Chapelle and Lovley 1992). The ORP values
remained negative in all affected wells months after
the injection, implying that the reducing conditions
were maintained with a parallel decrease in arsenic
concentrations, which is discussed below.

The dissolved ferrous iron concentration
increased significantly to the highest values of 54
and 138 mg/L in I-2 and I-2 2 weeks after the injec-
tion of ferrous sulfate (Table S2 in Supplementary
Material). A minor contributor to the increase in
ferrous iron may have been caused by bacterial
iron reduction, which often occurs prior to sulfate-
reducing conditions under moderately reducing
condition (Saunders et al. 2008; Chapelle and
Lovley 1992). Dissolved H,S concentrations in
groundwater (Table S3 in Supplementary Material)
increased significantly to several mg/L in injection
wells and affected monitoring wells as compared to
their pre-injection levels (<0.1 mg/L). However, as
sulfate-reducing conditions quickly established, and
subsequent precipitation of iron sulfide from the
groundwater (see below), both ferrous iron and
H,S concentrations decreased significantly to near
the pre-injection levels, several months after
the injection.

Phase diagrams for arsenic speciation in the
presence of S and Fe were calculated using the
ACT2 sub-program of Geochemist’'s Workbench
(Bethke 2008) with added thermodynamic data
for thoiarsenite species and arsenian pyrite
(Saunders et al. 2008). In the arsenic-sulfur-iron
system (Figure 3), arsenian pyrite replaces arsenic
sulfide solids and thoiarsenite species as the
most stable phase under reducing conditions.
Significant drops in groundwater Eh values were
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8

Eh (volts)

pH

Figure 3. Eh—pH diagram calculated for As—Fe-S system at
25°C and fixed As, Fe*, and SO, activities of 107, 1074,
and 107>, respectively. The results show the stability field of
different arsenic species under different geochemical condition.
Also plotted are the Eh and pH values of groundwater meas-
ured for pre-injection and 1 month after the injection. Plot
was constructed using Geochemist’s Workbench.

observed in affected wells (M-1, M-2, and LH-10)
after the injection, which would favor the precipi-
tation of arsenian pyrite solids under reducing
conditions (Figure 3). The pH values of affected
wells were found to be between 5 and 7 for a
majority of the study period, previous laboratory
sorption experiments (Farquhar et al. 2002) sug-
gested that this pH range was favorable for
arsenic sorption onto pyrite. The formation of
arsenian pyrite, which removes dissolved arsenic
from groundwater, is confirmed by our labora-
tory analysis (see below).

Laboratory geochemical data of water samples

The DOC levels in injection wells (I-1 and I-2)
and two nearest downgradient wells (M-1, M-2)
increased up to hundreds of mg/L 1 week after
injection (Table S4 in Supplementary Material).
The elevated DOC concentrations in these wells
dropped to pre-injection levels when the bulk of
organic carbon was consumed by SRB. However,
a delayed increase in DOC (>100mg/L) was
observed in the monitoring well LH-10 as the
injected plume migrated further downgradient.
These results indicate that DOC levels in ground-
water can be used to trace the changes in
total organic loading in groundwater (compounds
<0.45um in diameter) and subsequent biodeg-
radation after injection. Phosphate and nitrate

concentrations (Tables S5-S6 in Supplementary
Material) also increased significantly in injection
wells and monitoring wells M-1 and M-2 1 week
after the injection compared to pre-injection lev-
els (0.12+0.04 mg/L for P and 0.049 +0.005 mg/L
for total nitrate). Total nitrate and phosphate lev-
els, similar to DOC, started to decrease the
second week after the injection as apparently they
were consumed by bacterial metabolism.

Arsenic concentrations increased to several mg/
L in affected downgradient wells (M-1, M-2) 2
weeks after the injection, but began to decrease
from the third week (Figure 4 and Table S7 in
Supplementary Material). After a few weeks,
arsenic levels in three affected wells decreased sig-
nificantly from 0.25-0.34 mg/L to below 0.05 mg/L
(Figure 5). After about 1 month, the site regula-
tory clean-up goal for arsenic of 0.05mg/L had
been reached in all three affected wells, and
remained below that for at least 6 months in M-1
and M-2. Arsenic concentration in the deeper
LH-10 well dropped below 0.05mg/L over the
entire year of monitoring after injection. Tables
S7 and S8 in Supplementary Material show that
As(III) is the dominant dissolved arsenic species
in the groundwater, as expected under reducing
conditions.The total Fe concentrations in M-1
and M-2 increased to more than 100 mg/L 1 week
after injection (Figure 5 and Table S9 in
Supplementary Material) compared to the pre-
injection levels (< 1mg). Dissolved sulfate
concentrations in these wells also increase to hun-
dreds of mg/L after injection (Figure 5 and Table
S10 in Supplementary Material). The concurrent
increase in arsenic and ferrous iron concentra-
tions right after injection might be resulting from
bacterial iron reduction. Iron-reducing bacteria
compete with SRB for organic carbon and they
can cause arsenic release (Chapelle and Lovley
1992). Amendments of nutrients in wells might
also cause initial arsenic release because phos-
phate and nitrate can compete with arsenic for
sorbing sites on aquifer minerals (Neumann et al.
2010; Aziz et al. 2017). Fe, SO,4 and As levels in
affected wells show concurrent decreases in the
third week, followed by decrease in H,S in the
fourth week, indicating that SRB were causing the
precipitation of pyrite and removal of arsenic
from groundwater (Figure 5). Thus H,S produced
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Figure 4. Plot showing changes of arsenic concentrations in three downgradient wells (M-1, M-2, and LH-10) after injection (solid
lines), arsenic level these wells dropped below the regulatory cleanup goal for arsenic concentration at the field site (0.05mg/L)
after about 2 months when sulfate reduction conditions are established.
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Figure 5. Plot showing time series groundwater geochemical data (dissolved) from monitoring well M-2 at the field site, which is
located ~1.5 m from a bioremediation injection well. The initial spikes in Fe, SO4 are due to their concentrations in the injected
solution, and dissolved H,S spike occurs shortly after as biogenic sulfate-reduction begins. Time-related decreases in Fe, H,S, and
As are interpreted here to be the result of precipitation of arsenian pyrite. Dashed red line is the regulatory cleanup goal

(0.05 mg/L) for arsenic concentration at the field site.

by SRB apparently reacted with dissolved Fe (or
perhaps Fe in solid phases) to make pyrite
capable of removing arsenic by sorption and co-
precipitation. The nitrate and phosphate concen-
trations also decrease during this period (not
shown), suggesting that SRB utilize them in their

metabolism process. These results indicate that
although the important ingredients for SRB
growth (i.e, DOC, Fe, SO, and nutrients)
returned back to the pre-injection levels after a
few months, the newly formed iron sulfide miner-
als remain stable for arsenic sequestration.
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Spatial and temporal geochemical changes

During the injection experiment, chloride in the
injected fertilizer served as a conservative tracer
(Table S11 in Supplementary Material) to deter-
mine average groundwater velocity and assess
how much arsenic removal is achieved via bio-
mineralization, or by injection mixing. The ana-
lysis was performed through the use of chloride
breakthrough curves along a flow transect of
wells I-1, M-1, LH-10, and RA-9 (Figure 6).
Chloride concentration in the initial injectate was
200 mg/L. Advection and diffusion are considered
as the main process responsible for the move-
ment of conservative tracers. Given the average
hydraulic conductivity of about 400-500 m/year,
hydraulic gradient of 0.010-0.015, and porosity of
30% at the site, the estimated flow velocity is
about 20 m/year. Assuming advective transport,
the peaks of chloride tracer arrived M-1, LH-10,
and RA-9 around 30, 75 and 175 days after tracer
injection. Thus the results of conservative tracer
test (Figure 6) is consistent with the average vel-
ocity estimated by Darcy’s Law, although the
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chloride tracer likely moved faster near the injec-
tion points by greater hydraulic gradients.
Decreases in chloride concentration as the tracer
moved downgradient (Figure 6) were likely
caused by dilution and diffusion. Figure 7 shows
the calculated fraction of arsenic removal (with
respect to pre-injection levels) and fluid mixing
ratio (the volume of injectate that is in per vol-
ume of groundwater) in monitoring wells M-1
and M-2 over time. The mixing ratio w is calcu-
lated as follows:

Cmixed_cprefinjection

~ Cijectate — Conixed
where Cpixeds Cpre-injection» and Cinjectate are chlor-
ide concentrations in the mixed fluid, pre-injec-
tion groundwater, and injectate. The results show
that more than 90% of dissolved arsenic were
removed from groundwater in both wells during
the main sequestration stage between April and
September, while during the same period
the mixing ratios remained below 0.2 in M-1
(with large volume of injection) and below 0.1 in

—e—11
— & M-1(1.6m)
++@++ LH-10 (4.2 m)

—8—RA-9 (9.4 m)

—&— LH-2 (upgradient)

Groundwater Darcy Flow
Hydraulic Conductivity 400 m/y
Porosity 30%

Velocity 20 m/year

.......

—&

Figure 6.
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Plot showing breakthrough curves showing time-series changes in chloride tracer concentrations along the I-1, M-1, LH-

10, and RA-9 flow transect. Green lines show the estimated peak arrivals at various wells based on calculated Darcy flow velocity.

LH-2 is an unaffected up-gradient well.
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Figure 7. Plot showing time-series changes in arsenic removal fraction and fluid mixing ratio (injectate volume: groundwater vol-
ume) in M-1 and M-2 wells. These values were used as the primary metric for assessing relative effects of bio-mineralization and

mixing on arsenic removal.

M-2. Thus dilution accounted for less than 20%
of total arsenic removal. Clearly the stimulated
bio-mineralization and accompanying co-precipi-
tation and sorption processes accounted for more
than 80% of overall arsenic removal.

The saturation index (SI=log IAP/log K) of
arsenian pyrite in groundwater was calculated to
assess the geochemical conditions for its potential
precipitation along a flow transect of wells I-1,
M-1, LH-10, and RA-9 (Figure 8). The results
show that groundwater in these wells was under-
saturated (with negative SI values) with respect to
the mineral phase arsenian pyrite prior to injec-
tion. Arsenian pyrite quickly became oversatu-
rated in I-1 and M-1 in 1 week due to the
addition of injected iron and sulfate. The injec-
tion also caused a short-lived (in Week 1) pyrite
saturation in the adjacent up-gradient well LH-2.
After 2 months, the injectate reached well LH-10
further downgradient and significantly increased
pyrite SI there. The pyrite SI remains mostly
positive in M-1, M-2, and LH-10 wells during the
1-year monitoring period; such trends support
that the arsenic sequestration was effectively
maintained by the formation and stability of

arsenian pyrite. This result is confirmed by XRD
analysis of solids recovered from wells (see the
section “Laboratory Analysis of Biogenic Solids”).

Figures 9 and 10 show the changes in arsenic
concentrations and water table elevations, pre-
cipitation, and ORP values in affected wells M-1,
M-2, and LH-10 during the l-year monitoring
period. In general, rainfall causes the water table
and ORP to rise (Figure 9). Despite the fluctua-
tions in water table and ORP, arsenic concentra-
tions remained below the regulation level of
0.05mg/L in these affected wells for at least
6 months (from March to September) (Figure
10). After the 6 month principal sequestration
stage, rainfall-induced short-lived changes in
arsenic level became noticeable. The dry period
between early October and December allowed the
water table to drop, which perhaps caused a
short-lived oxidation of sulfide solids and remo-
bilization of arsenic (Figure 10). However, the
observed arsenic increases in M-1 and M-2 were
not accompanied by concurrent increases in Fe
or SO, suggesting limited oxidation of biogenic
pyrite. Previous lab experiments (Couture et al.
2013) showed that only around 2% of previously



12 M.-K. LEE ET AL.

60

F=S
=

[ ]
=

=
¥

o
S

&
S

,‘\ /"A\
\
,a »El \ a
/7 EBLT - N ,
. \

. .’ i
%ﬁ e
B o)
——1-1

[l
[=a)
[=]

R R

- A= M-1 ‘Vt
s+« LH-10 \

Saturation Index of Arsenian Pyrite

—&8— RA-9

—&8— LH-2 Upgradient

-80

2/15/16  3/15/16 41516 S§1516 6/1516 71516

8/15/16

9/1§/16 10/1§/16 11/15/16 12/15/16 V1§17  2/1§17

Date

Figure 8. Calculated saturation index (SI) of arsenian pyrite in groundwater along the I-1, M-1, LH-10, and RA-9 flow transect.
Green lines show the estimated peak arrivals at various wells based on calculated Darcy flow velocity.

ORP (mV)
3

Daily Precipitation (cm)

-250
12116

EE Precipiation

2720016 3/21/16 42016 5/20/16 6/19/16 7/19/16 $/18/16 9/17/16 10/17/16 11/16/16 12/16/16 V/15/17 2/14/17 3/16/1
Date

—e—M-1 ORP

8
6
- 4
2
0
3

-A-M-20RP —#—-LH-10 ORP

Figure 9. Plot of time-series data of ORP and precipitation in M-1, M-2, and LH-10 wells. Precipitation data were gathered from a
weather station located about 8.75 miles (14.11km) from the field site (Data source: NOAA’s National Center for Environmental

Information, www.ncdc.noaa.gov).

sequestered arsenic in pyrite re-dissolve into solu-
tion under aerobic conditions. As discussed
above, groundwater migrates at the rate of about
20 m per year in a general direction from south-
east to west-northwest. Thus the arrival of
untreated groundwater from up-gradient (ie.,
from southeast) would also cause an increase in
arsenic concentrations during the latter part of
the experiment. Overall, the arsenic concentra-
tions after September were still below the pre-
injection level in affected wells. The arsenic levels
in the LH-10 well did not show a significant shift
in response to hydrologic or meteorological

changes. This could be due to its relatively deeper
water table that is less sensitive to precipitation
(Figure 10).

Laboratory analysis of biogenic solids

The solid slurry samples were collected from each
well for the duration of the yearlong study. The
sediments accumulated through gravity settling in
the bottom of the wells, using a peristatic pump
and silicone tubing these sediments were collected
placed in 1-L plastic bottles. These bottles were
immediately placed in coolers containing dry ice
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Figure 10. Plot showing changes of arsenic concentrations in three downgradient wells (M-1, M-2, and LH10) after injection (solid
lines), arsenic level these wells dropped below the regulatory cleanup goal for arsenic concentration at the field site (0.05mg/L)
after about 2 months when sulfate reduction conditions are established. Also shown are changes in water table elevation in wells

(dashed lines).

with limited headspace (to preserved redox condi-
tions). These bottles were stored in a freezer until
the sediments were processed. The processing of
these sediments begins by first thawing and dewa-
tering the bottles taken from the field. The dewa-
tering process was conducted in two different
ways. The first method of dewatering was con-
ducted by transferring as much solid particulates
from the 1-L bottles to much smaller 50 mL cen-
trifuge vials. The vials, labeled with the specific
well the sediments were collected from, were then
centrifuged for approximately 10 min at 3000 rota-
tions per minute (rpm). Once centrifuged the
excess liquid was drained, the wet sediments were
transferred to ceramic crucibles to be subsequently
dried on a hotplate, and transferred to small,
labeled plastic bags. This would often take several
days for the sediments to completely dry using
this method. The other method of dewatering con-
sisted of pouring the thawed sediment slurry
through Whatman Grade 2, 8-pum pore sized filter
paper. The filter paper was then dried on a hot-
plate and the sediment transferred to small,
labeled plastic bags. This filter dry method took
around a day for the sediments to completely dry.
After drying the sediments are ready for imaging
and geochemical analysis. Though sediments were
collected from all 10 wells, the sediments collected
from the injection wells (I-1, I-2) and wells closest
in proximity to the injection wells (M-1, M-2),
were the focus of this analysis.

The sediments were first analyzed by X-ray
diffraction (XRD). The results from wells M-1
(Figure 11) show well-defined peaks that closely
match arsenian-pyrite (at 20 =28.5°, 33.0°, 37.0°,
40.7°, 47.3°, 56.2°), as reported from lignite from
Czech Republic (Rieder et al. 2007). The inten-
sities and sharpness of peaks for arsenian pyrite
that formed during the very early stage of the
experiment (i.e., March 2nd or about 2 weeks
after injection) were not as pronounced as those
formed later (after April, Figure 11). Pyrite
precursors such as amorphous iron sulfide or
mackinawite were not found in our XRD analysis
at any stages (see discussion below). Interestingly
the major peaks of pyrite collected 1 year after
the injection (February 15, 2017) still remain
their strong intensity and sharpness (Figure 11),
implying that pyrite remains stable in the treated
aquifers during the entire experiment. Pyrite
grains are isotropic and they occurred as crystals
and framboids (spherical aggregates of pyrite
nanoparticles) ~ 1-10 pm in size. No other crys-
talline Fe-S or As-S phases was detected optically
or by XRD. SEM images (Figure 12) further con-
firmed that pyrite occurred either as well-formed
octahedral crystals or framboids, and they were
commonly attached to the silicate phases from
the aquifer. Octahedral morphology and framboi-
dal particles dominated in samples collected over
time, including during the later stage of the
experiment. Morphologically similar pyrite has



14 M.-K. LEE ET AL.

8
8_
= @
T @ LS
2 ¢ = £ £ T e &
8- & 8 T & & § E s
o - 2 .$ § @ 'g @ .% - .% a:'E % o %
B P snEE§8 < E2E B £E o £ 2 E %
s : £§937%F ) ifsz 32 % 31 % 3
%\ k] ;M : %IWW%M'{WWW&
s - '\--.a-s.-'fJ \c" |
[ T A Sl '\.\.{.\f‘
£ g w2200 W"" ‘!- “A o ) W\.ﬁ
= 1 w1, 10262016 .—j‘ ) \J ﬁ.f"'*
\ - U y \-.\...A-w ..
o] M1 ens2016 I| '—_,,.JL,, R A'\..a-‘\.
1 ™1, 421206 k U L
o1 M1 32000 J AJ . LMWL Lot i e
Pyrite
10 20 30 40 50 )
Degree (26)

Figure 11. XRD spectrum of solid samples recovered from monitoring well M-1 well over 1 year of experiment. Major peaks of
iron minerals closely match arsenian-pyrite peaks from Rieder et al (2007). The background level of counts per second (CPS) of dif-

ferent spectrum was shifted for visual comparison.

Figure 12. SEM backscatter images of biogenic arsenian pyrite crystal (right) and framboids (left) and associated aquifer silicate
minerals (grey). These mineral aggregates were recovered from slurries at the bottom of injection well I-2 at the site 1 month after
the injection. These nanoparticles formed during field stimulation of natural sulfate-reducing bacteria in the aquifer.

been successfully synthesized in the laboratory
using Fe(II) and H,S as initial reactants
(Gartman and Luther 2013), implying a rapid
pyrite formation over a very short synthesis time
period (<12h).

XRF analysis of solids consistently results in
peaks for Fe, S, and As (Figure 13), which is

consistent with XRD spectrum and petrographic
analysis that a single Fe-S-As solid phase was
formed by bacterial sulfate reduction. The results
also imply that pure As-S phases such as realgar
and orpiment are not likely to form in Fe-rich,
low-temperature environments at circum-neutral
pH. Arsenic contents in polished pyrite grains
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Figure 13. XRF spectrum of solid samples recovered from monitoring well M-2 1 month after the injection. Similar spectrum was
observed in other affected wells (not shown). The peaks for As, S, and Fe show the presence of these elements in the solid phase.

were quantified using a JEOL 8600 electron micro-
probe. Microprobe results confirmed that the pyr-
ite solids formed were arsenian pyrite containing
0.05 to 04wt. % of arsenic (Figure S1 in
Supplementary Material). The percentage range is
significantly higher than the level of arsenic
(typically in the range of a few mg/L) in fluvial
sediments (Shamsudduha et al. 2008; Lee et al.
2007; Horneman et al. 2004), implying excellent
sequestration capacity of biogenic pyrite formed.
Finally, groundwater experienced the most active
bacterial sulfate reduction (as evidenced by high
SO, and H,S in groundwater) tend to be enriched
in heavy **S (range from 2.02 to 4.00 %,) com-
pared to unaffected well water (0.40-0.61 9,,) or
sulfur in injected FeSO, (0.44-0.66 9,) (Figure
14). Because SRB preferentially use the lighter *>S
in producing H,S gas, such fractionation leads to
enrichment of **S in the remaining dissolved sul-
fate relative to H,S produced. This observed trend
is consistent with S isotope fractionation attending
bacteria sulfate reduction (Thode, Kleerekoper,
and McElcheran, 1951).

Microbial changes

The changes in concentrations of the total SRB
(SRB) aqueous slurry samples were determined
through real-time PCR by targeting the apsA
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Figure 14. Plots showing sulfur isotopic composition of dis-
solved sulfate (in 9., relative to Canyon Diablo meteorite, CDT)

vs. (@) H,S and (b) dissolved sulfate concentration during
bioremediation experiment.

gene. Results showed that while the concentra-
tions of SRB present in the pre-injection samples
were below the limit of detection (1.01 Logio
copies/ul), samples of both injection wells and
monitoring wells (M1, M2, I1 and 12) contained
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significantly higher amount of SRB for at least
2months after injection (Figure S2 in
Supplementary Material). The concentrations of
SRB DNA in those samples reach approximately
3 Log;o copies/pl. Quantitative PCR analysis con-
firmed that SRB activities were enhanced by
amendment of organic carbon. Our method
detects the adenosine-5-phosphosulfate and the
results show Desulfovibrio spp., Desulfotomaculum
spp. and other soil-rich SRB could be the func-
tional SRB in the samples.

Geochemical reaction modeling

Geochemical modeling was conducted using
GWB (Bethke 2008) to assess speciation of
arsenic, predict mineralogical reactions along
reaction paths, and estimate the arsenic seques-
tration potential of arsenian-pyrite under site spe-
cific conditions. Figure 1 shows that under
oxidizing conditions H,AsO,  and H3;AsO, are
dominant at low pH (<7) while HAsO,*~ and
AsO,”>~ become dominant at higher pH. Under
moderately reducing conditions H3AsO; predom-
inate over a wide range of pH values. In sulfur-
rich systems, solid arsenic sulfides (orpiment) or
thioarsenite aqueous complexes (As(SH),  and
AsS;°”) become the dominant phases under
reducing conditions, When the system contains
sufficient iron, arsenian pyrite replaces thioarsen-
ite aqueous complexes and become the most
thermodynamically stable arsenic phase under
highly reducing conditions.

The next sets of reactions were modeled using
GWB’s React program. The purpose of these
reaction path models was to predict changes in
dominant mineralogy and arsenic concentrations
under sliding Eh conditions, before and after the
addition of FeSO, to the aquifer at the site-spe-
cific conditions. The pre-injection groundwater
geochemistry of well I-1 was used to set the ini-
tial condition for the simulations. Table S12 in
Supplementary Material shows the observed
changes in arsenic content and water chemistry
over the l-year monitoring period. The initial
groundwater contains about 190 pg/L of dissolved
arsenic. The GWB traces the mineralogical reac-
tions and water chemistry changes as the Eh val-
ues slide from 0.15V to -0.15V. The predicted

mineralogical changes are shown in Figure S3 in
Supplementary Material. As the system transi-
tions from oxidizing to reducing conditions there
is a shift in dominant mineralogy from hematite
to arsenian-pyrite at an Eh of -.05V. The arsen-
ian-pyrite is given as follows:

SO, + 2CH,0 + 2H"— H,S + H,COs;
Fe*™ + 1.995 H,S+ 0.01 As(OH),” + 2H"— FeS.09Asg.01

This precipitation of arsenian-pyrite of about
10> mol in 1kg solution results in only about 20
ug/L decrease in the dissolved arsenic concentra-
tion (from 190 to 170ug/L) in groundwater at
the end of reaction path. These results demon-
strates that precipitation of arsenian-pyrite in
response to Eh drops at the site would not lower
arsenic concentrations below the EPA’s MCL of
10 pg/L, amendments of FeSO, is required to
increase the amount of pyrite precipitation and
arsenic sequestration.

The second reaction path model (Figure S4 in
Supplementary Material) was created to predict
how much FeSO, would need to be added to this
system to form enough arsenian-pyrite to drive
the arsenic concentration below the EPA limit of
10 ug/L. In this model, the GWB traces the min-
eralogical reactions and water chemistry changes
as 2.47mmol of FeSO, was added into 1kg of
initial I-1 groundwater and Eh values slide from
+0.5V to -0.2V. In this simulation, more
thermodynamic stable hematite phase is replaced
by amorphous Fe(OH); in the initial system. The
amendments of FeSO, would increase the con-
centrations of Fe’" and SO,” in the ground
water from 0.47 mg/L and 16 mg/L (pre-injection
groundwater concentrations) to 40mg/L and
60 mg/L, respectively. The modeling results show
that significantly more (10 *mol) of arsenian-
pyrite forms from per kg of solution to sequester
arsenic compared to the case without amend-
ments (Figure S4 in Supplementary Material).
The groundwater arsenic concentration drops sig-
nificantly from 190 ug/L to below the EPA’s MCL
of 10 pug/L (Figure S5 in Supplementary Material).
This modeling results indicate that FeSO, amend-
ments is necessary to sequester arsenic below
EPA’s MCL at the site investigated, which is
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consistent with the field results. The geochemical
modeling techniques can help quantify the FeSO,
amendments required to sequester arsenic below
EPA’s MCL. The dominant mineralogy shifts from
an iron oxy-hydroxide (Fe(OH);) at more oxidiz-
ing environments (0.5-0.2 V) to the formation of
arsenian-pyrite at increasingly reducing conditions
(-0.02 to -0.2V) with the reappearance of the
Fe(OH); at more reducing conditions (<-0.17V)
as more Fe is amended into the system.

Conclusions

This study represents one of the first published
field-scale studies that investigate the long-term
efficiency of bioremediating arsenic-contaminated
groundwater. In particular, biogeochemical reac-
tions occurring along groundwater flow paths are
documented over 1 year, including (1) the effects
of changing redox conditions and water table on
arsenic sequestration; (2) the effects of stimulated
biogenic sulfate reduction on groundwater com-
position; and (3) changes in concentrations and
speciation of arsenic in a contaminated aquifer.
Field and laboratory data demonstrated that indi-
genous SRB in an arsenic-contaminated aquifer,
given ample supplies of necessary electron donors
(biodegradable organic carbon), electron accept-
ors (sulfate), and ferrous iron, were capable of
anaerobically catalyzing sulfate reduction to form
insoluble Fe(As)-sulfide solids. X-ray, optical, and
electron microprobe analyses of the solids con-
firmed the precipitation of extremely small pyrite
crystalline which contains 0.05-0.4 wt. % arsenic.
By contrast, pure crystalline As-sulfide solids
(e.g., realgar, orpiment) were not found in our
Fe- and S-rich environments. It is not clear
whether their growth is kinetically hindered in
low-temperature environments (Lee et al. 2005)
or they are outcompeted by pyrite or its precur-
sors. More research on this is warranted.
Dissolved arsenic is clearly sequestered under sul-
fate-reducing conditions via adsorption on the
surface of iron sulfides or by co-precipitation.
Arsenic may react with the reaction product H,S
to form thioarsenite aqueous complexes, thus an
effective bioremediation scheme must include
enough ferrous iron so that high Fe/H,S ratios
would favor the incorporation of arsenic into
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pyrite, instead of forming aqueous complex. In
our experiment the aquifer was also amended
with nutrients (N and P) to further stimulate
SRB growth. It is unclear if applying additional
nutrients actually aids in arsenic sequestration
effectiveness because phosphorus fertilizers may
cause arsenic release (Neumann et al. 2010; Aziz
et al. 2017) due to ionic competition for limited
mineral sorbing sites.

A similar field-scale remediation study was
conducted by Pi et al. (2017) to sequester dis-
solved arsenic in a contaminated aquifer
amended by FeSO,. Their shorter (25days)
remediation process achieved significantly lower
arsenic removal rates (up to 73%) with respect to
ours (>90% of arsenic removal) with effective
sequestration period over 6 months. The use of a
mixture of organic carbon (molasses), FeSO,, and
fertilizer in our study better stimulates SRB and
bio-mineralization than just adding FeSO,, result-
ing in greater arsenic removal and precipitation
of well-formed iron sulfide bio-nanocrystals
(Figure 12). SRB metabolism was fingerprinted
and verified in our study by the enrichment of
heavy **S (by several per mil) in groundwater
and orders of magnitude increases in SRB cells in
treated groundwater. Second, in Pi et al’s study,
the fast movement of injectate in the aquifer
(hundreds of meter per year) was facilitated by
downgradient pumping. Transport advection
processes typically dominate with respect to bio-
geochemical reactions in a fast-moving ground-
water system. This may explain why only
amorphous mineral phases or precursor mackina-
wite were formed over a short period of time
(25days). By contrast, advective transport is
much slower in our system with groundwater
flow velocity around 20 m/year. Slow injectate
movement and organic carbon amendment allow
biogeochemical reactions to proceed and precipi-
tate well-formed arsenian pyrite bio-nanocrystals,
which prove to be more efficient in sequestering
dissolved arsenic (>90% of arsenic removal in
our study) than iron sulfide precursors (only up
to 73% in Pi et al. 2017).

Our study demonstrates that arsenic can be
sequestered in stable biogenic pyrite in a rela-
tively short time frame (1-2weeks) under reduc-
ing conditions, and the sequestration can last for
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at least 6 months at field scale before the arrival
of untreated groundwater from upgradient. For a
full-scale remediation, the biostimulation to
sequester arsenic should start at positions hydro-
logically upgradient from the major plume (e.g.,
LH-2 and RA-12 at our field site, Figure 2) to
allow the solutions to travel downgradient; such a
scheme would prevent the re-contamination from
untreated groundwater originated from up-gradi-
ent. The results also imply limited re-oxidation of
sulfide solids when the amended carbon source is
exhausted and when the aquifer’s water table and
redox condition fluctuate. Depending on site con-
ditions, aquifers may need repeated amendment
with biodegradable organic carbon to reestablish
the reducing conditions that favor arsenic seques-
tration. This cost-effective process potentially can
be modified for full-scale remediation at indus-
trial sites.
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